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Abstract

The pedunculopontine tegmental nucleus (PPTQ) targets nuclei in the basal ganglia, including the
substantia nigra pars compacta (SNc), in which neuronal loss occurs in Parkinson’s disease, a
condition in which patients show cognitive as well as motor disturbances. Partial loss and
functional abnormalities of neurons in the PPTg are also associated with Parkinson’s disease. We
hypothesized that the interaction of PPTg and SNc might be important for cognitive impairments
and so investigated whether disrupting the connections between the PPTg and SNc impaired
learning of a conditioned avoidance response (CAR) by male Wistar rats. The following groups
were tested: PPTg unilateral; SNc unilateral; PPTg-SNc ipsilateral (ipsilateral lesions in PPTg and
SNc); PPTg-SNc contralateral (contralateral lesions in PPTg and SNc); sham lesions (of each
type). SNc lesions were made with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine HCI (MPTP, 0.6
umoles); PPTg lesions with ibotenate (24 nmoles). After recovery, all rats underwent 50-trial
sessions of 2-way active avoidance conditioning for 3 consecutive days. Rats with unilateral
lesions in PPTg or SNc learnt this, however rats with contralateral (but not ipsilateral) combined
lesions in both structures presented no sign of learning. This effect was not likely to be due to
sensorimotor impairment because lesions did not affect reaction time to the tone or footshock
during conditioning. However, an increased number of non-responses were observed in the rats
with contralateral lesions. The results support the hypothesis that a functional interaction between
PPTg and SNc is needed for CAR learning and performance.
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Introduction

The pedunculopontine tegmental nucleus (PPTg) is now accepted as one of the basal ganglia
family of structures, being intimately connected with many parts of the basal ganglia, such
as the globus pallidus, subthalamic nucleus and substantia nigra pars compacta (SNc).
Understanding the connection between the PPTg and SNc is particularly important because
they are implicated in the pathology of Parkinson’s disease. Parkinson’s disease patients
present motor impairments, but also have cognitive deficits that appear in advance of the
motor impairments (Carbon and Marie, 2003; Dubois and Pillon, 1997; Juri and Chana,
2006). This is not surprising, given that the basal ganglia play a role in action selection and
in the learning of action-outcome associations and stimulus-response habits (Balleine,
Liljeholm, and Ostlund, 2009; Cohen and Frank, 2009; Da Cunha, Wietzikoski,
Dombrowski, Santos, Bortolanza, Boschen, and Miyoshi, 2009; Izquierdo, Bevilaqua,
Rossato, Bonini, Da Silva, Medina, and Cammarota, 2006; Packard and McGaugh, 1992;
1996; White, 2009; Yin and Knowlton, 2006). Critical to such associations is the phasic
release of dopamine (DA) in the striatum, which selectively reinforces corticostriatal
synaptic activity. Striatal DA is provided by neurons in the SNc and adjacent ventral
tegmental area (VTA) and, because the PPTg is a source of excitatory input to these, it is
possible that the PPTg provides information that allows computation of a DA-mediated
reward prediction error signal critical to the striatal operations (Mena-Segovia, Winn, and
Bolam, 2008; Okada, Toyama, Inoue, Isa, and Kobayashi, 2009; Pan and Hyland, 2005). In
this paper we attempt to determine whether the interaction between PPTg and SNc is
important for the formation of associations — for learning.

The role of DA in stimulus-response-outcome learning was more extensively studied in
tasks in which an action result in a reward. However, the literature also shows a devastating
effect of the lesion of the SNc (Da Cunha, Gevaerd, Vital, Miyoshi, Andreatini, Silveira,
Takahashi, and Canteras, 2001; Timar, Knoll, Jona, and Knoll, 1974) or the administration
of DA receptor antagonists in conditioned avoidance learning (CAR) (Aguilar, Mari-
Sanmillan, Morant-Deusa, and Minarro, 2000; Ogren and Archer, 1994). CAR learning can
be modeled by the 2-way active avoidance task in which rats learn to anticipate an imminent
footshock (unconditioned stimulus: US) and avoid it by an instrumental response after the
presentation of a warning stimulus (conditioned stimulus: CS). In the present study we
tested whether a functional interaction between the PPTg and SNc is necessary for learning
this. The disconnection of these structures was achieved by combined lesions, based on the
premise that if two structures are serially connected, their function can be impaired by
combined hemilesions of these structures on opposite sides of the brain (when those hemi-
lesions — in this case unilateral lesion of either SNc or PPTg — are independently ineffective)
(Parkinson, Robbins, and Everitt, 2000). In the present study, impairment is expected after
combined unilateral lesion of the PPTg and SNc in different hemispheres because they are
mostly ipsilaterally connected (Beninato and Spencer, 1987; 1988; Clarke, Hommer, Pert,
and Skirboll, 1987; Gould, Woolf, and Butcher, 1989; Mena-Segovia et al., 2008; Woolf and
Butcher, 1986). In view of the reciprocal connections between the PPTg and the SNc
(Beninato and Spencer, 1987; 1988; Clarke et al., 1987; Gould et al., 1989) and that they are
needed for learning of stimulus-response-outcome associations (Da Cunha et al., 2009;
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Zokoll, Klump, and Langemann, 2008), we predicted that animals bearing combined
unilateral lesion of both structures (in the different hemispheres) would be impaired to learn
this CAR task.

Material and Methods

Subjects and housing

Surgery

Adult male Wistar rats from the colony of the Universidade Federal do Parana, weighing
280-310 g at the beginning of the experiments were used. The animals were maintained in a
temperature-controlled room (22 + 2 0 C) on a 12/12 h dark/light cycle (lights on at 7:00
a.m.) with food and water available ad libitum. All surgical interventions were done under
appropriate anaesthesia and efforts were made to minimize the number of animals used and
their suffering in the experimental procedures adopted for the in vivo studies. These
procedures were previously approved by the Animal Care and Use Committee of the
Universidade Federal do Parana (protocol 195) and were in compliance with the guidelines
with the UK Animals (Scientific Procedures) Act 1986 and European Communities Council
Directive of 24 November 1986 (86/609/EEC).

A total of 78 animals were used in these experiments. Data from 35 of these was included in
this study; the others died (28 rats) before completing the experiments, or were excluded
according to histological (12 rats) or turning behaviour criteria (3 rats). Surgical
interventions using MPTP or excitotoxins in SNc and PPTg are known to be associated with
relatively high mortality rates, both during and after surgery (Ferro et al, 2005; Wilson et al,
2009). The combination of lesions used here reflects this, with the combined PPTg and SNc
lesions accounting for 68% of the fatalities; note that sham lesions were not associated with
this high mortality rate.

Surgery was conducted 21 days before the start of behavioural experiments. All the rats
received atropine sulfate (0.4 mg/kg, i.p.) to suppress salivation, penicillin G-procaine
(20,000U in 0.1 ml, i.m.), and were anesthetized with 3 ml/kg equithesin (1% sodium
thiopental, 4.25% chloral hydrate, 2.13% magnesium sulfate, 42.8% propylene glycol, and
3.7% ethanol in water, i.p.).

The animals were randomly assigned to one of 5 groups: PPTg unilateral (unilaterally
lesioned in the PPTg); SNc unilateral (unilaterally lesioned in the SNc); PPTg-SNc
ipsilateral (ipsilaterally lesioned in the PPTg and SNc); PPTg-SNc contralateral
(contralaterally lesioned in the PPTg and SNc). Sham lesions of each type were made. The
rats were placed in a stereotaxic frame (Kopf Instruments, Tujunga, CA, USA) with the
incisor bar set 3.3 mm below the interaural line and ibotenic acid (Tocris-Cookson Ltd,
Bristol, UK; 24 nmoles in 0.2 pl 0.12 M phosphate buffer, pH 7.4) or 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine HCI (MPTP, Sigma Chemical Co., St. Louis, MO, USA;
0.6 umoles in 1 pl saline) was infused into the PPTg or SNc, respectively. The following
coordinates were used (adapted from the stereotaxic atlas of Paxinos and Watson (2005)):
PPTg: anteroposterior (AP) +0.8 mm from the interaural line; mediolateral (ML) 1.8 mm
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from midline; dorsoventral (DV) —6.4 mm from the skull surface (SK); MPTP: AP +3.9 mm
from the interaural line; ML +2.1 mm; DV -7.7 mm from SK. The sham rats received the
vehicle of one of the neurotoxins, as appropriate to the structure concerned. Ibotenic acid
was infused into the PPTg by manual pressure ejection from glass micropipettes (35 um
external tip diameter), left in situ for 5 min after infusion to allow for diffusion away from
the tip. Rats with lesions in both hemispheres received 2 separate unilateral operations, 7
days apart. The MPTP was infused into the SNc at a rate of 0.25 pl/min by a 30-gauge
needle connected to a microinfusion pump (Insight, Ribeirao Preto, Brazil). The needle
remained in place for an additional 2 min to maximize diffusion of the solution. Rats also
received 3 i.p. injections of 120 mg/kg acetaldehyde 15 min before, at the beginning and 15
min after surgery to increase the effectiveness of the neurotoxin (Zuddas, Corsini, Schinelli,
Johannessen, Diporzio, and Kopin, 1989). After surgery, all rats were allowed to recover
from anaesthesia in a temperature controlled chamber and then placed back into their home
cages.

The neurotoxin ibotenate was used to lesion the PPTg because previous studies have shown
that it cause loss of the neurons in the target structures, sparing axons of passage and nerve
terminals (Coyle and Schwarcz, 1983; Fujimoto, Ikeguchi, and Yoshida, 1992) and does not
cause aggressive behaviour, startle response, struggle reaction to capture and increased
locomotor activity, as occurs after the lesion of the PPTg with kainate (Fujimoto, Yoshida,
Ikeguchi, and Niijima, 1989). MPTP was used to lesion the SNc because it is most selective
the neurotoxin to lesion dopaminergic neurons, sparing the other neurons of the SNc and
causing depletion of striatal DA without alterations in other striatal monoamines (Harik,
Schmidley, lacofano, Blue, Arora, and Sayre, 1987). In addition, previous studies showed
that MPTP-lesioned rats present memory deficits without other sensorimotor motor
impairments (Da Cunha et al. 2001; Kumar, Kaundal, More, and Sharma, 2009; Wang,
Liou, Pawlak, and Ho).

2-way active avoidance

The 2-way active avoidance apparatus was an automated 31 x 33 x 56 cm shuttle-box
(Insight Instruments, Ribeirao Preto, Brazil) with the front made of Plexiglas and the floor
made of parallel 5 mm caliber stainless-steel bars spaced 15 mm apart. The box was divided
into 2 compartments of the same size by a wall, with a door that remained open during the
tests. The animals were trained in 3 sessions, one on each of 3 consecutive days. In each
session, after 10 min (Day 1) or 5 min (Days 2 and 3) of habituation, 50 sound cues (CS: 1.5
kHz, 60 dB, maximum duration of 10 s) were paired with a subsequent 0.5 mA footshock
(US: maximum duration of 5 s, starting 5 s after the CS onset) until the rat crossed to the
other compartment. Four measures of behaviour were taken: (i) avoidance: during
presentation of the CS, the rat could turn off the sound and actively avoid the shock by
crossing to the other chamber; (ii) escape: after the CS, when the US footshock was
presented, the rat could escape by crossing to the other chamber; (iii) non-response: the trials
in which the rat did not cross to the other chamber during either the CS or US presentation
were counted as a non-response; (iv) inter-trial crossing (ITC): the time between each trial
varied randomly, ranging from 10-50 s. During this, rats could spontaneously cross from
one side of the apparatus to the other; the number of crossings was recorded as the ITC. The
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number of active avoidances, escapes, non-responses, and ITC crossings were recorded
automatically by the apparatus and captured on computer.

Behavioural analysis of the lesion

Two days after the 2-way active avoidance sessions, the rats received 1 mg/kg apomorphine
(Sigma-Aldrich, s.c.) and the number of 360° turns toward the lesioned side (ipsiversive)
and toward the opposite side (contraversive) was scored over a period of 1 h in a Rota-Count
apparatus(Columbus Instruments, Columbus, Ohio, USA). The SNc unilateral rats that made
less than 80 ipsiversive turns / h were excluded from the analysis. This test was performed
as a behavioural control for the lesion because it is known that MPTP rats bearing
incomplete unilateral lesions of nigral cell loss present ipsiversive turning behaviour (Da
Cunha, Wietzikoski, Ferro, Martinez, Vital, Hipolide, Tufik, and Canteras, 2008). The PPTg
unilateral rats that made less than 80 contraversive turns / h were excluded from the
analysis. Contraversive turning was expected from PPTg unilateral rats, as previously
reported after inhibition of rat PPTg with GABA(A) agonists (lkeda, Akiyama, Matsuzaki,
Sato, Moribe, Koshikawa, and Cools, 2004) or blockade of muscarinic receptors in the SNc
usually occupied by acetylcholine (ACh) released by PPTg neurons (Géngora-Alfaro,
Hernandez-Lopez, Martinez-Fong, Flores, and Aceves, 1996).

Histological and neurochemical analysis of the lesions

Histological analysis was carried out on all rats in this study after behavioural procedures
were complete. After a terminal anaesthetic dose of pentobarbitone, the brains were fixed in
situ using transcardial perfusion at room temperature of heparinized 0.9% saline followed by
4% paraformaldehyde in phosphate buffer, pH 7.4. The brains were removed and post-fixed
in 4% paraformaldehyde in phosphate buffer, pH 7.4. for 72 h at 4°C. The brains were then
stored in 20% sucrose in 4% paraformaldehyde in phosphate buffer (pH 7.4) until they were
cut. Eight series of sections 50  thick 200 p apart were cut on a freezing microtome through
the regions of interest. The sections were stored in cryoprotectant at —20°C until
immunohistochemistry was carried out.

PPTg lesions and shams—Two series of sections 100 y apart were processed free
floating to demonstrate choline acetyltransferase (ChAT) and neuronal nuclear protein
(NeuN) using immunohistochemical techniques. Primary antibodies were goat anti ChAT
polyclonal antibody and mouse anti NeuN both from (Chemicon International Inc,
Temecula, CA, USA), followed by appropriate Vector Elite Peroxidase ABC Kits (Vector
Labs, Peterborough, UK) and Sigma fast DAB substrate (Sigma Chemical Co., St Louis,
MO, USA). After the NeuN stained sections were mounted, a light counterstain of cresyl
fast violet was applied to allow non-neuronal structures (such as myelin, blood vessels and
glial cells) to be identified using a light microscope to estimate the damage to PPTg.
Remaining ChAT positive neurons were counted by an observer blind with respect to rats’
treatment group and the extent of the lesion was estimated by absence of neuronal structures
and the presence of reactive gliosis and calcification seen in the NeuN / cresyl fast violet
stain and scored on a linear scale of 0% (no lesion) to 100% (complete lesion).
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SNc lesions and shams—One series of sections 200 um apart were processed, free
floating to demonstrate tyrosine hydroxylase (TH) using immunohistochemical techniques.
Primary antibody was mouse anti-TH polyclonal antibody (Chemicon International Inc,
Temecula, CA, USA) followed by appropriate Vector Elite Peroxidase ABC kits (Vector
Labs, Peterborough, UK) and Sigma fast DAB (Sigma Chemical Co., St Louis, MO, USA).
Using a light microscope, the extent of damage to midbrain DA neurons was estimated by
an observer blind with respect to rats’ treatment group on a linear scale of 0% (no lesion) to
100% (complete lesion) from the remaining TH positive neurons in the SNc and VTA.

Neurochemical analysis of the effects of lesions was performed in rats that were not
submitted to the behavioural tests. Twenty one days after surgery, rats were killed by rapid
decapitation and their dorsal striata were dissected on ice and stored at —70° C. Endogenous
levels of DA were assayed by reverse-phase HPLC with electrochemical detection (ED).
The system consisted of a Synergi Fusion-RP C-18 reverse-phase column (150 x 4.6 mm
i.d., 4-um particle size, Phenomenex, Torrance, CA, USA), an dual coulometric
electrochemical detector (Coulochem 111, ESA, Chelmsford, USA), and an LC-20AT pump
(Shimadzu, Kyoto, Japan). This detector consists of 2 cells successively connected, both
containing a porous graphite working electrode together with associated reference and
counter electrodes. The detector is equipped with a guard cell (ESA 5020) electrode set at
+350 mV and the working electrodes (5011 analytical cell, ESA) set at E1=+100 and E2=
+450 mV versus a solid state palladium reference electrode. The column was maintained
inside a temperature-controlled oven (25°C). The tissue samples were homogenized with an
ultrasonic cell disrupter (Sonics, Newtown, CT, USA) in 0.1 M perchloric acid. After
centrifugation at 15,000 g for 30 min, 20 ul of the supernatant was injected into the
chromatograph. The mobile phase, used at a flow rate of 1 ml/min, had the following
composition: 15.7 g citric acid, 471.5 ml HPLC-grade water, 78 mg heptane sulfonic acid,
20 ml acetonitrile, and 10 ml tetrahydrofuran, pH 3.0. The peak areas of the external
standards were used to quantify the sample peaks.

Data analysis

After examination of turning behaviour and histological analysis of the lesions, the numbers
of rats included in the analysis of active avoidance were: PPTg unilateral, n = 6; SNc
unilateral, n = 8; PPTg-SNc ipsilateral, n = 5; PPTg-SNc contralateral, n = 4. Data from
sham rats of all types were pooled because no significant difference was found among the
groups; n=12. Another 9 sham, 9 PPTg unilateral, and 11 SNc unilateral, rats were used in
the neurochemical analysis.

The 2-way active avoidance data (number of avoidances, escapes, ITC, and non-responses)
were analyzed by two-way ANOVA, taking the trials blocks or training days as repeated
measures. The avoidance data was also analyzed by three-way ANOVA, taking the number
of non-response as covariate. Differences among groups were analyzed by the post hoc
Newman-Keuls test. Correlations between two variables were analyzed by the Pearson test.
Differences were considered to be statistically significant when p < 0.05.
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Fig. 1 illustrates typical PPTg lesions. These extended into most parts of the PPTg with
almost total destruction of Ch5 neurons (identified by ChAT immunostaining), in addition to
the other NeuN-immunoreactive neurons of the PPTg. The neurons of the lateral dorsal
tegmental nucleus (LTDg) and rostromedial tegmental nucleus (RMTg) were spared. Table
1 shows the loss of NeuN-immunostained neurons in the PPTg, which was of nearly 60-80%
and significantly different from the sham group (F(3,20) = 24.52, p < 0.001 one-way
ANOVA,; p < 0.01, Newman-Keuls post hoc analysis). No significant difference was found
among the PPTg unilateral, PPTg-SNc ipsilateral and PPTg-SNc contralateral groups (p >
0.1, Newman Keuls test). Table 1 also shows that, compared to the sham group, the SNc-
lesioned rats presented a significant loss of nearly 50% of the TH-immunoreactive neurons,
(F(3,19) = 3.99, p < 0.05, one-way ANOVA,; p < 0.01, Newman-Keuls post hoc analysis).
No significant difference was found among the SNc unilateral, PPTg-SNc ipsilateral and
PPTg-SNc contralateral groups (p > 0.4, Newman Keuls test). This lesion was mostly
restricted to the A9 neurons of the SNc, sparing most of the A10 neurons of the VTA (Fig.
2). This includes the dopaminergic neurons of the paranigral nucleus (PN) and
parainterfascicular nucleus (PIF). The nondopaminergic neurons in the structures that are
close to the SNc were also spared. The SNc-lesioned rats presented a gradient of loss of the
TH-immunostained terminals, damage being more intense in the most caudal portions of the
striatum. In the rostral striatum, TH loss was more apparent in the dorsolateral part, with the
dorsomedial striatum and the nucleus accumbens partly spared (Fig. 3). Based on the
histology, data of the following animals were excluded from the analysis: 10 rats with small
lesions (1 PPTg unilateral; 3 SNc unilateral; 2 PPTg-SNc ipsilateral, and 4 PPTg-SNc
contralateral) and 2 with that lost more than 80% of the neurons in the SNc (1 SNc unilateral
e 1 PPTg-SNc ipsilateral).

The effect of unilateral lesions of the PPTg or SNc on striatal DA is shown in Fig. 4. Two-
way ANOVA showed significant effects of treatment (F(2,51) = 4.87, p < 0.05) and side
(F(1,51) =5.47, p< 0.05) and a significant interaction (F(2,51) = 9.40, p < 0.001). MPTP
lesion of SNc caused a significant loss of nearly 60% of striatal DA on the lesioned side (p <
0.05, Newman-Keuls test) while PPTg excitotoxic lesions did not produce a significant
reduction in striatal DA content (Fig. 4). These data clearly demonstrate different physical
consequences of the SNc and PPTg lesions.

Two days after the 2-way active avoidance sessions, when challenged with 1 mg / kg s.c.
apomorphine, PPTg unilateral rats made contraversive, and SNc unilateral rats ipsiversive
turns (Fig. 5A). All PPTg unilateral rats included in the study made more than 80
contraversive turns / h and the SNc unilateral rats, more than 80 ipsiversive turns / h. The
turning scores of both groups were significantly higher than the scores of the sham rats:
PPTg unilateral, F(2,23) = 35.57; p < 0.001; p < 0.01 Newman Keuls test; SNc unilateral,
F(2,23) = 36.85, p < 0.001; p < 0.01 Newman Keuls test. One PPTg unilateral and two SNc
unilateral rats were excluded because of failure to meet this criterion.

The turning scores of rats with combined lesions in PPTg and SNc were analyzed separately,
because it was not possible to classify their turning behaviour as ipsiversive or contraversive
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in relation to the SNc and the PPTg at the same time. As can be seen in Fig. 5B, PPTg-SNc
contralateral (F(2,18) = 8.62 p < 0.05; p < 0.05 Newman Keuls), but not the PPTg-SNc
ipsilateral (p = 0.22, Newman Keuls), made significantly more turns towards the SNc
lesioned side, compared to the sham lesioned rats. No significant difference in the number of
contraversive turns was observed among the groups (F(2,18) = 1.13), p = 0.34). The PPTg-
SNc combined lesioned rats showed ipsiversive rotation (as did the SNc unilaterally
lesioned rats) but the presence of an ipsilateral PPTg lesion significantly attenuated
ipsiversive rotation expected of rats with unilateral SNc lesions.

Three weeks after surgery, at the time of the 2-way active avoidance training, lesioned rats
did not present turning behaviour or any other gross motor impairment when not drugged.
They were not hypokinetic, aphagic or adipsic, and did not significantly differ from sham
lesioned rats in relation to the reaction time in response to footshock (F(4,30) = 1.56, P =
0.20) or to the sound cue that signaled footstock (F(4,28) = 0.32, p = 0.85), as shown in
Table 2. Reaction times to the footshock and sound cue were measured in the first trials,
before they could be affected by learning.

As can be seen in Fig. 6, different to the other groups, the PPTg-SNc ipsilateral rats, did not
improve their latencies to respond to the CS (sound cue) across training days. In addition to
this, the PPTg-SNc contralateral rats showed no sign of learning, even in the responding to
the footshock (US). A two-way ANOVA of the mean latencies during the 3 days of training
showed significant effects of treatment (F(4,30) = 7.00, p < 0.001), day of training (F(2,60)
= 37.52, p<0.001) and an interaction (F(8,60) = 0.97, p = 0.46). Post-hoc analysis is
detailed in Fig. 6. Fig. S1 shows how the different groups improved their latency to respond
to the US and CS in the first day of training.

Similar conclusions were taken from analysis of the number of responses during the 2-way
active avoidance training (Fig. 7 and Fig. S2). As can be seen in Table 3, 2-way ANOVA of
the data averaged by day showed significant treatment effects on avoidance (PPTg-SNc
ipsilateral and contralateral) and non-response scores (PPTg-SNc contralateral). These
analyses also showed a significant session (training day) effects on avoidance, escape, and
non-response scores but not a significant interaction between these 2 factors on all scores.

Post-hoc analysis of the number of avoidances showed same pattern of improvement
observed for the latencies to respond to the CS or US: the PPTg-SNc contralateral group was
significantly worse than all the other groups and was the only one that did not improve this
score. Although the PPTg-SNc ipsilateral rats improved their avoidances scores, they scored
significantly worse than the sham rats. On the other hand, the PPTg and SNc unilateral rats
were not significantly different of the sham rats (Fig. 7A). Analysis of the number of
escapes also supports this conclusion because only the sham and PPTg unilateral rats
significantly improved across training days (Fig. 7B). The ITC scores did not significantly
differ among the groups (Fig. 7C) and the PPTg-SNc contralateral group was the only one to
present a significantly higher number of non-responses (Fig. 7D). This might suggest that
instead of a learning deficit, they were impaired in responding to the CS and US. However,
correlation between the scores of avoidance and non-response for this group was weak
(Table S1; see also Tables S2 and S3 for the correlations between the other variables). In
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addition, a three-way ANOVA of avoidance scores, taking the number of non-responses in
the first day as a covariate showed that, independent of presenting a higher number of non-
responses, the PPTg-SNc contralateral rats were impaired to learn this avoidance task (lesion
factor: F(4,29) = 3.50, p < 0.05; session day factor: F(2,60) = 28.27, p < 0.001; interaction:
F(8,60) = 1.79, p=0.01; p < 0.01 Newman-Keuls pos hoc test).

Discussion

We have shown that combined unilateral lesions of the PPTg and SNc in opposite
hemispheres impeded learning of the 2-way active avoidance task, but ipsilateral lesions in
these two structures caused only a mild impairment, and unilateral lesion in just one of them
caused no impairment at all. This strongly suggests that the interaction between these
structures is necessary for CAR learning. This is not to argue that both PPTg and SNc have
the same functional properties: striatal DA is depleted by the SNc lesions but not PPTg; and
the rotational response to apomorphine differs after PPTg and SNc unilateral lesions. What
the data do indicate though is that the two structures are operating within the same
functional domain, and that combined contralateral lesions cause a profound impairment of
learning without affecting reaction time measures of motor performance. This impairment of
the PPTg-SNc contralateral lesioned rats shows that ipsilateral connections between the
PPTg and SNc are critical for learning and that a contralateral connection is not sufficient to
support learning.

These results are in agreement with previous studies showing interconnections between the
PPTg and SNc (Beninato and Spencer, 1987; Clarke et al., 1987; Gould et al., 1989; Woolf
and Butcher, 1986) are predominantly ipsilateral (Beninato and Spencer, 1987; Clarke et al.,
1987; Gould et al., 1989; Mena-Segovia et al., 2008 for review). Other studies showed that
the PPTg can modulate SNc activity by the release of ACh and glutamate (Di Giovanni and
Shi, 2009; Futami, Takakusaki, and Kitai, 1995; Gould et al., 1989; Scarnati, Campana, and
Pacitti, 1984; Scarnati, Proia, Campana, and Pacitti, 1986). Some authors hypothesize that,
by this connection, the PPTg triggers the reward prediction error signal generated by
midbrain DA neurons, a signal that is critical for learning of actions that result in a reward
(Kobayashi and Okada, 2007; Mena-Segovia et al., 2008; Pan and Hyland, 2005). The
mechanism for avoidance learning by a phasic release of DA is discussed below. There is
also evidence of modulation of the PPTg by SNc neurons (Saavedra, Brownstein, Kizer, and
Palkovits, 1976; Versteeg, Van Der Gugten, De Jong, and Palkovits, 1976). Support for a
functional interaction between the PPTg and the SNc also comes from studies showing both
hyperactivity (Carlson, Pearlstein, Buchholz, lacono, and Maeda, 1999; Orieux, Francois,
Feger, Yelnik, Vila, Ruberg, Agid, and Hirsch, 2000) and hypoactivity of PPTg neurons in
animal models of Parkinson’s disease (Aravamuthan, Bergstrom, French, Taylor, Parr-
Brownlie, and Walters, 2008; Gomez-Gallego, Fernandez-Villalba, Fernandez-Barreiro, and
Herrero, 2007).

An ipsilateral projection from the PPTg to the SNc seems to be important also to the
initiation of the avoidance response because the PPTg-SNc contralateral group was the only
one to present a higher number of non-responses to the CS and US. This suggests that, much
as with Parkinson’s disease patients (Grahn, Parkinson, and Owen, 2009a), they had
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difficulty in choosing and/or initiating proper actions. However, they were not impaired in
performing all of the actions of their repertory: they were not impaired to move through the
shuttle box in the inter-trials intervals, nor did they present slower responses to the CS or to
the US. They simply failed to initiate such responses in the proper time as frequently as the
others. Such an effect probably resulted from a deficient DA tone to stimulate D1 receptors
in the striatal neurons of the direct pathway, responsible for disinhibition a specific action
that was previously reinforced (Alexander, Delong, and Strick, 1986; Da Cunha et al.,
2009).

Such avoidance failure might have affected learning, because they had fewer occasions to be
reinforced, but the correlation between the number of avoidances and non-responses was
weak and barely significant for the PPTg-SNc contralateral group. Therefore, it seems that,
in addition to impairment in initiating the proper response, they were also impaired to learn
this CAR task, since their avoidance score was significantly lower (even discounting the
impact of the non-responses on it). In other words, PPTg-SNc contralateral rats did not learn
from their experience, even in the few occasions when they were reinforced for presenting
the avoidance response and in the many occasions when they were punished for not
presenting the avoidance response. This probably resulted from a failure in presenting a
phasic DA response in these occasions, as discussed below.

In the present study we observed that rats bearing unilateral lesions in the PPTg or SNc
could learn the 2-way active avoidance task as well as the controls. This does not mean that
learning deficits can be caused only by a lesion in both structures. The rats used in the
present study had only partial and unilateral lesions in the PPTg or SNc. Indeed, rats bearing
almost total unilateral loss of SNc DA neurons presented a deficit to learn this task (data not
shown), but they were excluded from this study because our purpose was not testing the
effect of the lesion of the PPTg or SNc per se, but of the disconnection between them.

There is compelling evidence that the PPTg is important for procedural learning. This
includes the studies showing that bilateral electrolytic (Satorra-Marin, Coll-Andreau,
Portell-Cortes, Aldavert-Vera, and Morgado-Bernal, 2001) or excitotoxic lesions of the
PPTg (Fujimoto et al., 1992; 1989; Kessler, Markowitsch, and Sigg, 1986) impair the ability
of rats to learn active and inhibitory avoidance tasks, and that interference with the PPTg
affects the ability to learn bar pressing or maze tasks motivated by either natural and drug
rewards (Alderson, Brown, Latimer, Brasted, Robertson, and Winn, 2002; Alderson,
Latimer, Blaha, Phillips, and Winn, 2004; Alderson and Winn, 2005; Corrigall, Coen,
Zhang, and Adamson, 2001; Corrigall, Coen, Zhang, and Adamson, 2002; Inglis, Dunbar,
and Winn, 1994; Inglis, Olmstead, and Robbins, 2000; Keating and Winn, 2002; Olmstead
and Franklin, 1994; Olmstead, Robbins, and Everitt, 1998; Taylor, Kozak, Latimer, and
Winn, 2004).

Likewise, there is extensive evidence that the SNc is critical for procedural learning. Rats
bearing partial bilateral lesions of the SNc were impaired in learning 2-way active avoidance
(Da Cunha, et al., 2001; Gevaerd et al., 2001; Gevaerd, Takahashi, Silveira, and Da Cunha,
2001), inhibitory avoidance (Del Guante, Rivas, Prado-Alcala, and Quirarte, 2004), the cued
version of the Morris water maze (Da Cunha, Wietzikoski, Wietzikoski, Miyoshi, Ferro,
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Anselmo-Franci, and Canteras, 2003; Da Cunha, Wietzikoski, Wietzikoski, Silva, Chandler,
Ferro, Andreatini, and Canteras, 2007; Ferro, Bellissimo, Anselmo-Franci, Angellucci,
Canteras, and Da Cunha, 2005; Miyoshi, Wietzikoski, Camplessei, Silveira, Takahashi, and
Da Cunha, 2002) and bar pressing for appetitive reward (Faure, Haberland, Conde, and El
Massioui, 2005). Learning deficits have also been observed in mouse and monkey models of
Parkinson’s disease, as well as in Parkinson’s disease patients (Fernandez-Ruiz, Wang,
Aigner, and Mishkin, 2001; Grahn, Parkinson, and Owen, 2009b; Hood, Postle, and Corkin,
1999; Kimura, 1995; Knowlton, Squire, Paulsen, Swerdlow, Swenson, and Butters, 1996;
Roncacci, Troisi, Carlesimo, Nocentini, and Caltagirone, 1996; Salmon and Butters, 1995).
In addition, CAR learning is particularly sensitive to dopamine receptor antagonists (Aguilar
et al., 2000; Ogren and Archer, 1994).

In line with the present study, there is strong support for the hypothesis that the PPTg and
SNc are part of a brainstem system for coordinating responses to aversive unconditioned and
conditioned stimuli. Both the PPTg and the SNc receive inputs from the RMTg, a
GABAergic nucleus recently identified as a core structure in this system. The RMTg is
activated by many aversive stimuli, including footshock (Jhou, Fields, Baxter, Saper, and
Holland, 2009). This structure has been suggested to integrate inputs from many structures
that process aversive stimuli, like the lateral habenula (LHb), central nucleus of the
amygdala, bed nucleus of the stria terminalis, ventral periaqueductal gray matter (PAG), and
lateral septum (Jhou et al., 2009; Sesack and Grace, 2010). The lesion of most of these
structures also impairs active and passive fear responses (Schulz and Canbeyli, 1999; Sparks
and Ledoux, 1995; Treit and Menard, 1997). When the RMTg and the LHb are activated by
aversive stimuli they inhibit the release of DA by the midbrain neurons that are activated by
rewarding conditioned and unconditioned stimuli and by the omission of an expected
rewarding stimulus (Jhou et al., 2009). On the other hand, RMTg and LHb neurons are
inhibited by rewarding CS or US (Jhou et al., 2009; Matsumoto and Hikosaka, 2009a). By
this way these structures may lead the DA neurons to reduce their firing, providing a
negative prediction error to the striatum. However, it is not clear how all these structures
contributes to the generation of prediction error signals by DA neurons.

For many years the electrophysiological studies have only shown midbrain DA neurons that
decreased their firing in response to mild aversive stimuli, in the manner described above
(Morris, Schmidt, and Bergman, 2010; Redgrave, Gurney, and Reynolds, 2008; Schultz,
2007). However, recent studies reported that a subpopulation of midbrain DA neurons
present a phasic activation in response to aversive conditioned and unconditioned stimuli
(Brischoux et al., 2009; Joshua, Adler, Mitelman, Vaadia, and Bergman, 2008; Matsumoto
and Hikosaka, 2009b). A recent review by Morris and co-workers (2010) argument that this
finding poses a serious problem to explain how a punished action can be reduced, since
phasic DA that follows the aversive stimulus would reinforce the punished action. This
problem does not exist for learning of the 2-way active avoidance task if it is assumed the
phasic DA reinforces an action that leads to halting or avoiding an aversive event.
Therefore, we can say that the results of the present study are in agreement with the role
suggested for the phasic release of DA in reinforcement learning.
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The activation of DA receptors reinforces corticostriatal synapses between neurons that are
active at the same time (Hebbian long-term potentiation) and weakens synapses between
non-active corticostriatal neurons (Hebbian long-term depression, see Calabresi, Picconi,
Tozzi, and Di Filippo, 2007; Calabresi, Pisani, Mercuri, and Bernardi, 1992; Wickens,
2009). This mechanism increases the likelihood that a stimulus (CS) paired with reward
(US) can trigger the action performed to get it (Da Cunha et al., 2009). A similar mechanism
may meditate avoidance learning: the likelihood of performing the action that halted an
aversive US or halted the warning CS may increase with training because of phasic release
of DA. The failure of the SNc-PPTg contralateral rats to learn this kind of conditional
avoidance supports this explanation and suggests that the phasic response of midbrain DA
neurons to aversive stimuli may be under the control of the PPTg, as proposed by Kobayashi
& Okada (2007).

In conclusion, the findings of the present study give some clue about the architecture of
PPTg-SNc connections and its functional relevance in the acquisition and expression of
conditioned avoidance responses. The memory of how to avoid an aversive event is a kind
of procedural memory — the memory of how to choose the proper action that results in
getting a reward or avoiding an aversive outcome. Such knowledge is critical for improving
treatments of diseases in which the basal ganglia fail to learn and/or initiate proper actions.
This includes neurological diseases such as Parkinson’s and Huntington’s and psychiatric
diseases such as schizophrenia and attention-deficit hyperactivity disorder. The first
interventions in Parkinson’s disease patients with deep brain stimulation of the PPTg
(Mazzone, Lozano, Stanzione, Galati, Scarnati, Peppe, and Stefani, 2005; Pierantozzi,
Palmieri, Galati, Stanzione, Peppe, Tropepi, Brusa, Pisani, Moschella, Marciani, Mazzone,
and Stefani, 2008; Stefani, Lozano, Peppe, Stanzione, Galati, Tropepi, Pierantozzi, Brusa,
Scarnati, and Mazzone, 2007) stress the urgency of this knowledge in order to get the best
from this kind of therapy and avoid possible cognitive side effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Rgpresentative left side PPTg ibotenic acid lesion. Panels A, C, D show cresyl violet and
NeuN immunostained tissue and panels B, E, F, G and H show ChAT immunostained tissue.
The sham-lesioned tissue is shown in the panels D, F, and H, and the lesioned tissue is
shown in the panels C, E, and G. PPTg, pedunculopontine tegmental nucleus; LDTg,
laterodorsal tegmental nucleus. Scale bar represents 200 pm.
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Fig. 2.

Regpresentative TH-immunostained left side SNc MPTP lesion. Panel A shows the lesion on
the left side and sham on the right side. Panel B shows detail of the VTA and SNc of
lesioned side, panel C the SNc and VTA of the sham side. SNc, substantia nigra compacta;
VTA, ventral tegmental area. Scale bar represents 200 pm.
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Representative TH-immunostained coronal slices of the striatum of a rat bearing an MPTP

lesion of the right SNc. The slices are ordered in a rostral to caudal orientation. CPu,
caudoputamen; NAc, nucleus accumbens. Scale bar represents 200 pm.
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Fig. 4.

Effects of unilateral infusion of 0.6 umol MPTP into the rat SNc or of 24 nmol ibotenic acid
into the PPTg on striatal dopamine content. * P < 0.05 Newman-Keuls after two-way
ANOVA.
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Fig. 5.

TL?rning behaviour of unilaterally (A), ipsilaterally and contralaterally (B) PPTg and SNc
lesioned rats challenged with 0.1 mg/kg apomorphine (i.p.). Data are expressed as the mean
+SEM. number of ipsiversive (positive scale) and contraversive turns (negative scale)
counted over 1 h after drug challenge (n =7 - 18 animals per group). * P < 0.05 compared to
the sham group (Newman-Keuls test after one-way ANOVA).

Neurobiol Learn Mem. Author manuscript; available in PMC 2015 January 13.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Bortolanza et al.

Page 23
8
- us
2.6 (footshock)
> 5
1)
c 4
9 i CS (tone)
3 2
11 [1Day 1
0+ EdDay 2
X M Day 3

Fig. 6.

Ef?‘ect of the PPTg and/or SNc lesion on latency to respond to the CS and US during
learning of a 2-way active avoidance response. Bars represent the mean + SEM latencies to
cross to the opposite side of the shuttle box after the CS-US onset averaged by day. * P <
0.05 compared to sham rats in the same day; + P < 0.05 compared to the same group on day
1; # P < 0.05 compared to the same group on day 2; two-way ANOVA, followed by the
Newman-Keuls test.
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Effect of the PPTg and/or SNc lesion on learning of the 2-way active avoidance. The bars
represent the mean £ SEM number of avoidance (A), escape (B), non-response (C) or inter-
trial crossings (ITC, D) averaged by day; * P < 0.05 compared to sham in the same day; + P
< 0.05 compared to the same group on day 1 ; # P < 0.05 compared to the PPTg-SNc
contralateral group in the same day; two-way ANOVA, followed by the Newman-Keuls test.
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Table 1

Evaluation of the extent of the lesions in the PPTg and SN¢

% lesion
PPTg SNc
Sham 0+3 0+20
PPTg unilateral 88+ 6 (*) -
SNc unilateral - 50+ 10 (*)

PPTg-SNc ipsilateral 63215(") 45+10(")

PPTg-SNc contralateral 66 +14 (") 6629 (")

Page 25

The effects of unilateral infusion of 24 nmoles ibotenic acid into the PPTg or 0.6 pmoles MPTP into the rat SNc on the extent of damage to the
Neu-N positive neurons of the PPTg or to the TH-positive neurons of the SNc was estimated on a linear scale of 0% (no lesion) to 100% (complete

lesion) expressed as the mean + SEM.

*
P < 0.05 Newman-Keuls after two-way ANOVA.
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Table 2

Effect of PPTg and/or SNc lesion on reaction time to the footshock and sound cue

Latency (s)
Footshock  Sound cue

Sham 1404 2303
PPTg unilateral 25+0.6 27107
SNc unilateral 2004 29+05
PPTg-SNc ipsilateral 1.7+05 2307

PPTg-SNc contralateral 2.9 +0.7 3.0+0.6

Data are expressed as the mean + SEM. A one-way ANOVA showed no significant differences among the groups.
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Table 3
ANOVA statistics of the active avoidance scores

Lesion Session Interaction

F (4,30) P F (2,60) P F (8,60) P
Avoidance 5.57 0.05 28.27 0.001 1.79 0.09
Escape 231 0.08 12.63 0.001 191 0.07
ITC 194 0.12 116 031 0.35 0.93
Non-response 551 0.05 550 0.05 0.25 0.97
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Rats bearing unilateral and combined (ipsilateral or contralateral) lesions in the PPTg and/or the SNc. Because no significant difference was found
between rats bearing left or right lesions in one of the structures, data were combined into a single group. Avoidance, escape, ITC and non-response

scores were analyzed by two-way ANOVA with repeated measures (training days).
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